Although urinary sodium excretion is positively influenced by acute changes in renal perfusion pressure, micropuncture studies show highly conflicting results concerning the response of superficial proximal tubule sodium reabsorption to changes in renal perfusion pressure. In the present study, the changes of superficial proximal reabsorption to decreased and increased renal perfusion pressure were determined in rats by an in vivo microperfusion method. In vivo microperfusion was selected as the method to determine the proximal sodium reabsorption because this method made it possible to deliver a constant fluid and electrolyte load to the proximal tubule without the influence of possible changes of glomerular filtration rate. Renal perfusion pressure was decreased from normal pressure by inflating a suprarenal aortic cuff and was increased from the normal level by the occlusion of celiac and mesenteric arteries and the infrarenal aorta. Although fractional excretion of sodium (FENa) in the urine was decreased from 1.24±0.23% to 0.45±0.11% (n=7, p<0.01) when renal perfusion pressure was decreased from 125±6 to 99±3 mm Hg, absolute tubular reabsorption by the superficial proximal convoluted tubules was not increased (from 4.4±0.5 to 4.2±0.3 nU/min/mm, n=22). When the renal perfusion pressure was elevated from 126±4 to 149±4 mm Hg, tubular reabsorption by the superficial proximal tubules was decreased from 4.1± 0.3 to 2.5±0.3 nl/min/mm (n=36, p<0.01) with an accompanying increase in FENa (from 1.28±0.24% to 2.29±0.37%, n=9, p<O.OS). In summary, superficial proximal tubule reabsorption is decreased by increases in renal perfusion pressure but is not affected by decreases in renal perfusion pressure. (Circulation Research 1990;66:1184-1189 studied the changes of superficial proximal tubular reabsorption when RPP was increased from subnormal levels to high levels. He found that the reabsorption by the superficial proximal tubules was decreased by the elevation of RPP and showed the contribution of this segment in the pressure natriuresis phenomenon. By using an in vivo microperfusion study, Chou and Marsh4 also reported that the tubular reabsorption by the superficial proximal tubule was depressed by the carotid artery occlusioninduced elevation of RPP in rats. On the other hand, rat micropuncture studies performed by Haas et a16 did not find a change in sodium reabsorption by the superficial proximal tubules when RPP was decreased from normal levels by suprarenal aortic constriction.
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Although urinary sodium excretion is positively influenced by acute changes in renal perfusion pressure, micropuncture studies show highly conflicting results concerning the response of superficial proximal tubule sodium reabsorption to changes in renal perfusion pressure. In the present study, the changes of superficial proximal reabsorption to decreased and increased renal perfusion pressure were determined in rats by an in vivo microperfusion method. In vivo microperfusion was selected as the method to determine the proximal sodium reabsorption because this method made it possible to deliver a constant fluid and electrolyte load to the proximal tubule without the influence of possible changes of glomerular filtration rate. Renal perfusion pressure was decreased from normal pressure by inflating a suprarenal aortic cuff and was increased from the normal level by the occlusion of celiac and mesenteric arteries and the infrarenal aorta. Although fractional excretion of sodium (FENa) in the urine was decreased from 1.24±0.23% to 0.45±0.11% (n=7, p<0.01) when renal perfusion pressure was decreased from 125±6 to 99±3 mm Hg, absolute tubular reabsorption by the superficial proximal convoluted tubules was not increased (from 4.4±0.5 to 4.2±0.3 nU/min/mm, n=22 studied the changes of superficial proximal tubular reabsorption when RPP was increased from subnormal levels to high levels. He found that the reabsorption by the superficial proximal tubules was decreased by the elevation of RPP and showed the contribution of this segment in the pressure natriuresis phenomenon. By using an in vivo microperfusion study, Chou and Marsh4 also reported that the tubular reabsorption by the superficial proximal tubule was depressed by the carotid artery occlusioninduced elevation of RPP in rats. On the other hand, rat micropuncture studies performed by Haas et a16 did not find a change in sodium reabsorption by the superficial proximal tubules when RPP was decreased from normal levels by suprarenal aortic constriction.
In the present study, individual effects of increased RPP and decreased RPP from normal levels on the superficial proximal reabsorption were determined and compared with each other to test the hypothesis that superficial proximal reabsorption is affected only when RPP is increased above normal levels. In vivo microperfusion was used to determine the proximal sodium reabsorption because this method enabled a constant delivery of a fluid and electrolyte load to proximal tubules without the influence of the possible effect of RPP on GFR.
Materials and Methods In Vivo Microperfusion Study
Male Sprague-Dawley rats (244-324 g body weight) were used for the experiments. The rats were fed normal rat chow containing 0.1 meq Na/g and had free access to water. All animals were fasted 14-18 hours before the experiment. The rats were anesthetized with an intraperitoneal injection of 100 mg/kg body wt of 5-sec-butyl-5-ethyl-2-thiobarbituric acid (Inactin, Byk Gulden, Konstanz, FRG) and placed on a heated table to maintain body temperature at 36-38°C. After a tracheostomy, catheters were inserted into both jugular veins for infusions, the left carotid artery and the right femoral artery for blood sampling and blood pressure monitoring, and the left ureter for urine collection. Isoncotic albumin solution (3.6 ml) and isotonic saline (1.5 ml) were given for 1 hour after surgery, followed by a 3.3 ml/hr infusion of inulin in isotonic saline for the remainder of the experiment. After initiation of infusions, the rats were prepared for in vivo microperfusion as previously described.9 In brief, the abdomen was opened with a left subcostal flank incision, and the left kidney was separated from the peritoneal fat. The kidney was then placed on a holder and bathed in mineral oil preheated at 370 C. Timed complete collection of fluid reaching the last surface loop of the proximal tubule was obtained in a mineral oil-filled pipette. After the micropipette was inserted into the collection site, an oil block stained with Sudan black B was placed distal to the collection site. The rate of fluid collection was adjusted to maintain a constant position of the oil droplet and a constant luminal diameter. After completion of the microperfusion, the perfused segment was filled with latex (Canton Bio-Medical Products, Boulder, Colorado) to determine its length by microdissection.11
To validate the methodology in regard to the use of tubule flow rate interchangeability with sodium reabsorption, the Group 1 experiment was conducted.
Group 1: Effect of sodium concentration in the perfusate on tubular reabsorption by superficial proximal tubules. After 190 minutes from the start of the intravenous infusions, microperfusions of superficial proximal convoluted tubules were performed with the perfusate described in "In Vivo Microperfusion Study" to determine the tubular reabsorption of fluid. Perfusate was then changed to the low-sodium perfusate by replacing the sodium with choline (Na 7 mM, choline 140 mM, other compositions of the perfusate were not changed), and microperfusions of the same nephrons were repeated. In nine proximal convoluted tubules, the order of the experiment was reversed. The tubules were first perfused with the low-sodium perfusate and then reperfused with a normal sodium perfusate. Twenty superficial proximal convoluted tubules were perfused in this group.
The effect of sodium concentration in the perfusate on tubular reabsorption by superficial proximal convoluted tubules is shown in Table 1 . Since the effect of sodium concentration in the perfusate on the proximal reabsorption was not affected by the order of experiments (low-sodium perfusate first, then normal sodium, or vice versa), all microperfusion data were pooled and analyzed together. When the sodium concentration was decreased to 7 mM, tubular reabsorption was remarkably decreased from 4.2+0.4 to 0.4±0.2 nl/min/mm. This result confirmed the recent report of Bank et al12 and showed that the major part of the tubular reabsorption observed in our in vivo microperfusion study is sodium dependent. Furthermore, this result suggested that the tubular reabsorption of fluid measured in our experiment reflected sodium reabsorption by tubules.
Experimental Protocols
The experimental protocols were designed to establish the effects of altered renal perfusion pressure on superficial proximal tubular fluid reabsorption. Four additional groups of rats were studied according to the following protocols.
Group 2: Effect of decreased renal perfusion pressure on tubular reabsorption by superficial proximal tubules. After the intravenous infusions were started, a Silastic pressure cuff was placed around the aorta above the renal arteries. Three hours after the initiation of infusions, the RPP was decreased by inflating the pressure cuff and was kept at the decreased level by connecting the cuff to an electronic servo-controlling system. This system allows for precise regulation of RPP (±1-2 mm Hg) by means of suprarenal aortic constriction.13 A catheter in the femoral artery was used to monitor RPP, and a catheter in the carotid artery was used to monitor mean arterial pressure. Ten minutes later, one 30-minute clearance was taken, during which the measurements of RPP, mean arterial pressure, and urine volume were made; calculations of urinary sodium excretion, GFR, and fractional excretion of sodium (FENa) were performed. During this period, microperfusions of superficial proximal convoluted tubules were also performed to determine the absolute reabsorption of fluid. After the first clearance period, the pressure cuff was deflated and the RPP was allowed to return to its basal value. Approximately 10 minutes later, a second 30-minute clearance period was taken, and the measurements and recollection microperfusions were repeated. For the reperfusion of the same proximal convoluted tubules, both the perfusion pipette and the collection pipette were placed in the tubules through the holes made during the initial perfusion period. In four rats, the order of the experiment was reversed. The RPP was allowed to remain at its normal values during the first clearance period and was then decreased during the second clearance period. Twenty-two superficial proximal convoluted tubules of seven rats were perfused in this group.
Group 3: Time control study for decreased renal perfusion pressure. Although a Silastic pressure cuff was placed around the aorta above the renal arteries, it was kept deflated throughout the experimental period. The remainder of the experimental protocol was the same as for Group 2. Twenty-six superficial proximal convoluted tubules of seven rats were perfused in this group. Ten minutes after the RPP was elevated, a second 30-minute clearance period was taken, and the measurements and recollection microperfusions were repeated. Thirty-six superficial proximal tubules of nine rats were used in this group. Group 5: Effect of increased mean arterial pressure with nornal renal perfusion pressure on tubular reabsorption by superficial proximal tubules. To determine whether the occlusion of celiac and mesenteric arteries and the infrarenal aorta influences superficial proximal reabsorption and urinary sodium excretion without elevating RPP, RPP was controlled at the normal level by suprarenal aortic constriction throughout the experimental period. Instead of the femoral artery catheter, a catheter was inserted into the aorta up to the orifice of the left renal artery through the iliac artery to monitor the RPP in this group. Silk ligatures were loosely placed around the celiac and mesenteric arteries and the aorta caudal to the left renal artery. In addition, a Silastic cuff was placed around the aorta cephalad to the renal arteries. During the second 30-minute clearance period, the mean arterial pressure was elevated by occluding the celiac and mesenteric arteries and the aorta caudal to the renal arteries. However, RPP was kept constant at the basal level by inflating the servocontrolled pressure cuff placed around the suprarenal aorta. The remainder of the experimental protocol was the same as for Group 4. Twenty-nine superficial proximal convoluted tubules of eight rats were used in this group. Analysis Inulin concentrations in plasma and urine were determined by the anthrone method.15 Sodium concentrations were measured with a Beckman E-2A electrolyte analyzer (Beckman Instruments, Fullerton, California). The volumes of collected tubule fluid were measured with 1-1l constant bore capillaries. The length of latex casts of the perfused proximal tubule segments was determined by planimetry. Proximal convoluted tubule reabsorption was calculated by dividing the balance of tubular perfusion rate and tubular flow rate at the collection site by the length of 
Discussion
The results of these experiments demonstrate that a 26±3 mm Hg decrease of RPP did not augment the superficial proximal reabsorption, which coincides with our previous observation with free-flow micropuncture of superficial proximal tubules.6 On the other hand, when the RPP was elevated by 24±2 mm Hg, the rate of proximal tubular reabsorption was decreased from 4.1±0.3 to 2.5±0.3 nl/min/mm (13.2±0.7 to 8.0±0.6 nl/min, Figure 1 ). This change is very similar to the changes of superficial proximal reabsorption found by Chou and Marsh4 (13.4 ± 1.7 to 6.6±1.1 nl/min) when they increased the RPP by 23 mm Hg and perfused the superficial proximal convoluted tubules with artificial glomerular filtrate. These data indicate that, in rats, superficial proximal reabsorption is affected and decreased only when RPP is increased above normal levels.
Pressure natriuresis is a phenomenon during which the urinary sodium excretion is positively influenced by acute changes in RPP both above and below normal pressures.1 The contribution of proximal tubules to this phenomenon was implied both by a lithium clearance study and by a study using diuretics to block distal nephron sodium reabsorption.2,3 These findings, coupled with the micropuncture study demonstrating increases in proximal reabsorption in deep but not superficial nephrons in response to decreases in RPP,6 suggest that there may be a In the dog, on the other hand, the majority of micropuncture studies have failed to detect the change of sodium reabsorption by the superficial proximal tubules, even if RPP is elevated above normal levels.8 These different responses of dog and rat superficial sodium reabsorption to an increased RPP might be the result of species differences of proximal tubular functions. Alternatively, local renal decapsulation performed only in dog micropuncture studies may attenuate the response of proximal sodium reabsorption to an elevated RPP. Therefore, the proximal tubules under investigation are exposed to an abnormally low renal interstitial hydrostatic pressure. It has been demonstrated that increases in RPP elevate renal interstitial hydrostatic pressure. 19, 20 This rise in interstitial hydrostatic pressure is an important link between the RPP and the reabsorption by the proximal tubules.2' Because decapsulation of the kidney attenuates the rise of renal interstitial hydrostatic pressure in response to elevations of RPP,20,22 the interstitial hydrostatic pressure-mediated changes of proximal tubular reabsorption may be attenuated in the dog micropuncture studies.
Although the mechanism responsible for the different responses of superficial proximal sodium reabsorption to the increased and decreased RPP is unclear, backflux through the proximal tubules is a possible hypothesis to explain the elevated RPPinduced inhibition of proximal sodium reabsorption. Boulpaep and coworkers23, 24 showed that the backflux of sodium through the tight junctions of tubular cells is responsible for the reduced sodium reabsorption by the proximal tubules in response to plasma volume expansion. They proposed that increased renal interstitial hydrostatic pressure was one of the possible factors that causes backflux.23 It 
